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Abstract 
The analysis of the gas phase chemistry of a cold atmospheric plasma is a fundamental step 
for a more thorough understanding of the effects it can induce on target substrates. This work 
aims at investigating, by means of optical spectroscopic techniques, the kinetics of O3, NO2 
and NO3 produced by a Surface Dielectric Barrier Discharge. The phenomenon of discharge 
poisoning (or ozone quenching) in static air was investigated varying the electrical power 
density associated with the plasma source. In order to perform high time-resolution 
acquisitions, the reactive oxygen and nitrogen species kinetics were obtained through optical 
absorption spectroscopy using an UV-VIS spectrometer equipped with a Photo-Multiplayer 
Tube and a fast oscilloscope. Moreover, since the production of NO, one of the most 
important quenchers of O3, is directly related to the vibrational energy of nitrogen molecules, 
considerations regarding the vibrational temperature of N2, determined by processing 
emission spectra of N2(B→C) band, were made. Finally, considerations regarding both the 
energy cost of production of a specific reactive atmosphere and the possibility of on-line 
monitoring its chemical composition, were presented in order to emphasize the potentialities 
of OAS techniques for the control of plasma assisted industrial processes. 
Keywords: Surface Dielectric Barrier Discharges, Cold Atmospheric pressure Plasma, optical spectroscopy, kinetics of long-
lived Reactive Oxygen and Nitrogen Species, discharge poisoning 
 
1. Introduction 
Cold Atmospheric pressure Plasmas (CAPs) generated by 
Dielectric Barrier Discharges (DBDs) are being studied and 
developed for an ever-widening range of applications in both 
biomedical and industrial areas [1–4]. 
At atmospheric pressure, DBDs are able to produce a high 
reactive atmosphere characterized by chemical and bio-active 
radicals, charged species, UV radiation and electromagnetic 
fields at close-to-environmental temperature [5]. DBDs 
promote a non-equilibrium chemistry and physics, occurring 
in a wide range of time scales (from 1ns to hours), based on 
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electron impact reactions that promote secondary reactions 
involving charged and neutral species [6,7]. Knowing the 
kinetics of all species involved in a plasma process possibly 
leads to its control and optimization; as a matter of fact, to 
achieve this goal Sakiyama et al., in their modelling study [7], 
should have considered more than 50 different species and 
more than 600 reactions involved in the chemistry produced 
by a DBD working in air at fixed operating conditions; these 
information can be essentially obtained only by modelling. 
Nevertheless, although only few studies were focused on the 
temporal evolution of species concentration [8] and most of 
the times reporting time-averaged concentrations [7,9–14], 
more experimental data on the kinetics of plasma-derived 
species are essential for a thorough study. Unfortunately, 
albeit the knowledge of species kinetics is fundamental for the 
validation of chemical models, the kinetics of only few species 
can be determined experimentally [15]. In particular 
conditions such as for afterglow plasma processes, the reactive 
chemistry promoted by DBDs can be directly related to a 
limited amount of reactive species [7,9,16], whose kinetics 
can be experimentally evaluated.  
Recently, surface DBDs, consisting in a planar powered 
electrode separated from a grounded mesh by a thin dielectric 
layer, have been gaining great interest for their ability to 
produce highly reactive atmospheres almost independent from 
the electrical properties of the target, which is treated in the 
afterglow of the surface plasma [3,4,8,16].  
The active chemistry produced  in the afterglow of surface 
DBDs operated in air is characterized by the presence of long-
lived reactive oxygen species (ROS) such as O3, and long-
lived reactive nitrogen species such as NOx and HNOx, which 
are recognized to play relevant roles in many industrial and 
biomedical applications based on the use of the plasma 
afterglow [5,16–19]. 
The generation of ozone by DBDs is well studied in 
literature because of the continuous industrial development of 
ozonisers, that evolved from the first oxygen-fed to the more 
recent air-fed plants [10,11,13,20,21]. In air-fed ozonisers, as 
well as in the surface DBDs operating in ambient air, N2 
molecules play a crucial role in the ozone kinetics, promoting 
the phenomenon of discharge poisoning. At power densities 
higher than 1-3 kW/m2, the relevant formation of one of the 
most important quenchers of ozone, the NO molecule,  starts 
to play an important role causing the evolution in time from 
an ozone enriched atmosphere to a NOx enriched one 
[1,8,11,13,16,17,22–25]. 
As mentioned above, only few studies were performed with 
the aim of investigating the temporal evolution of both O3 and 
NOx concentrations, especially in the case of discharge 
poisoning [8,16]. Following these considerations, the effects 
of discharge poisoning were here studied through the 
measurements of the kinetics of O3, NO2 and NO3 produced 
by a surface DBD working in static air with associated power 
densities ranging from 0,04 to 1,9 W/cm2.  
Optical spectroscopy diagnostics can be adopted to obtain 
a thorough characterization of the gas-phase chemistry 
produced by a plasma source. In particular, as suggested by 
Monkhouse’s reviews [26,27], Optical Absorption 
Spectroscopy (OAS) is gaining great interest in the industrial 
sector as an easy-to-implement technique for the on-line 
monitoring of (plasma-assisted) chemical processes providing 
a real-time and high-temporal resolution measuring system 
that collects and integrates signals in a non-intrusive and in-
situ way. In order to perform high time-resolution 
acquisitions, in the present work the RONS kinetics were 
obtained by means of OAS using an UV-VIS spectrometer 
equipped with a Photo-Multiplayer Tube (PMT) and a fast 
oscilloscope. 
In this frame, the present work aimed at experimentally 
investigating and discussing the role of NOx in the plasma 
activated air. As a matter of fact, although nitrogen oxides are 
generally formed at high temperature through the thermal 
route (Zeldovich mechanism), the NO synthesis at low 
temperature could be achieved thanks to the catalytic action of 
CAP-produced vibrationally excited N2. Once the vibrational 
temperature Tvib of nitrogen molecules overcomes a threshold 
value, the rate of NO synthesis rapidly increases [8,16,21,25]. 
In light on these considerations, through optical emission 
spectroscopy (OES), the discharge poisoning was correlated 
with the experimental determination of the Tvib of N2 as a 
function of power density associated with the plasma source. 
Moreover, emission spectra of free N atoms, revealing the 
effective dissociation of nitrogen molecules at low 
temperature, were acquired for all investigated cases.  
 
2. Material & Methods 
2.1 Surface DBD plasma source 
A schematic of the CAP source adopted in this study, a 
surface DBD developed at the Alma Mater Studiorum-
Università di Bologna, is shown in Fig.1.  It was designed to 
create a confined volume with optical accesses (three quartz 
windows) for UV-VIS spectroscopy measurements aimed at 
characterizing the region of plasma afterglow. The source was 
composed of a mica dielectric layer (2 mm thick) interposed 
between an air-cooled high voltage (HV) aluminium electrode 
and a grounded electrode (AISI 316L rhomboid mesh), 
forming the surface DBD source. CAP was homogenously 
generated on the surface of the mesh on an area of around 6,75 
cm2. The device, operating in environmental air (relative 
humidity in the range 20-40%), was driven by a micropulsed 
generator (AlmaPULSE, AlmaPlasma srl, Italy), allowing to 
apply 1-20 kV as high voltage, with a frequency in the 1-20 
kHz range and a tuneable duty cycle (1-100%); the discharge 
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time, considered as the time in which the generator was kept 
on, was set constant at 90 seconds for all investigated cases. 
To evaluate the surface power density associated with the 
plasma source (from here on defined as SPD), voltage and 
current waveforms were recorded by means of a high voltage 
probe (Tektronix P6015A) and a current probe (Pearson 6585) 
connected to an oscilloscope (Tektronix DPO40034). The 
plasma source was operated at different values of SPD, which 
is known to directly affect the production of RONS [8,13], 
varying voltages from 4 kV to 11 kV with 1 kV increments, 
with fixed frequency (10 kHz) and duty cycle (DC=100%) for 
both OAS and OES measurements. Moreover, in order to 
prove that power density is the key parameter driving CAP-
induced RONS kinetics, the ozone kinetics promoted by two 
different operational modes characterized by almost similar 
SPDs (around 0,11 W/cm2) and obtained with different 
electrical conditions (A: V=8kV, f=10kHz, DC=18%; B: 
V=5kV, f=10kHz,  DC=100%) were compared to each other. 
 
Figure 1. 3D schematic of surface DBD plasma source used in the 
experimental activities. 
 
2.2 Setup for OAS  
The setup for absorption spectroscopy is schematically 
represented in Fig.2. A deuterium-halogen lamp, 
characterized by a broad band spectrum from UV to NIR 
radiation, was used as light source. With the aim at 
investigating the plasma afterglow, the light beam was 
focused by means of optical fibres and fused silica lens (50 
mm of focus length) to achieve a parallel beam passing under 
the mesh and collected into a 500 mm spectrometer (Acton 
SP2500i, Princeton Instruments) to spectrally resolve the light 
beam in the UV, VIS and near infrared (NIR) regions. The 
width of the inlet slit of the spectrometer was fixed at 15 µm 
for OAS acquisitions, and a grating with a resolution of 1800 
mm-1 was used. A photomultiplier tube (PMT-Princeton 
Instruments PD439) connected to a fast oscilloscope 
(Tektronix DPO40034) was used as detector, allowing fast 
acquisitions with a time resolution of 40 ms. The PMT 
amplification factor was kept constant for all acquisitions. In 
order to ensure identical initial conditions, the discharge 
chamber was opened and flushed for 30 seconds with fresh air 
prior to every measurement. 
 
Figure 2. Schematic of the experimental setup for optical 
absorption spectroscopy. 
 
2.3 Data processing for OAS experiments  
In order to quantitatively evaluate the species 
concentrations from absorption measurements, the Lambert-
Beer law has to be taken into account: 
(1)      
𝐼
𝐼0
= 𝑒(−𝐿𝜎𝑛) 
where I/I0 is the ratio between the initial light intensity I0 
and the light intensity I after an optical path length L through 
a homogeneous medium whose species concentration is n . 
The absorption cross-section σ, physical espression of the 
effective area of the molecule that photon needs to traverse in 
order to be absorbed, is a function of the wavelength (σ =σ()). 
In general, when N species can absorb at the same j-
wavelength, λj, the Lambert-Beer equation can be re-written 
as: 
(2)      
𝐼
𝐼0
|
𝑗
= 𝑒(−𝐿 ∑ 𝜎𝑖,𝑗𝑛𝑖
𝑁
𝑖=1 ) 
where σi,j, that represents the absorbing cross section of the 
i-species at j, and the ratio between the light intensities I and 
I0 is referred to the j-wavelength. Solving it for the 
determination of the concentration n of the kth species: 
(3)    𝑛𝑘 = −
1
𝐿𝜎𝑘,𝑗
ln (
𝐼
𝐼0
|
𝑗
) − ∑
𝜎𝑖,𝑗
𝜎𝑘,𝑗
𝑁
𝑖≠𝑘
𝑛𝑖 
where the absorbance A at the j-wavelength is expressed by: 
(4)    𝐴𝑗 = ln (
𝐼
𝐼0
|
𝑗
) 
A more useful form of equation (3), that reveals how the 
total absorbance is basically the sum of each absorbing 
contributions, is: 
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(5)    𝜎1,𝑗𝑛1 + 𝜎2,𝑗𝑛2 + ⋯ + 𝜎𝑁,𝑗𝑛𝑁 = −
1
𝐿
𝐴𝑗 
Therefore, the concentration of N different species can be 
determined through N measurements of absorbance at N 
different wavelengths j and the resolution of the following 
linear system of equations (eq. 6): 
(6)      [
𝜎11 … 𝜎1𝑁
⋮ ⋱ ⋮
𝜎𝑁1 … 𝜎𝑁𝑁
] (
𝑛1
⋮
𝑛𝑁
) = −
1
𝐿
(
𝐴1
⋮
𝐴𝑁
) 
or synthetically, using i (i-species) and j (j-wavelength) 
pedixs: 
(7)    [𝜎𝑖,𝑗][𝑛𝑖] = −
1
𝐿
[𝐴𝑗] 
For the measurements of O3, NO2 and NO3 kinetics, the 
matrix of absorption cross sections [σi,j] was defined 
according to Moiseev [9], selecting N wavelengths k that 
maximize the absorption signal of a specific molecule and 
minimize the contribution of secondary absorbing molecules 
at the same wavelength (first column of Tab.1). Considering 
the spectral resolution used during the experiments, the values 
of absorbing cross section were evaluated by averaging over 
σ() with a wavelength range of ±1,2 nm centred in each 
selected k. The profiles σ() of the mentioned species are 
found in the MPI-Mainz UV/VIS Spectral Atlas database [28]. 
As result of all above mentioned considerations regarding the 
selection of the σi,j, in Tab. 1 the absorption cross-sections for 
O3, NO2 and NO3 molecules, adopted in the [σi,j] matrix, are 
reported. 
Selected 
 wavelength 
O3  
cross-section 
NO2  
cross-section 
NO3  
cross-section 
253±1,2 nm (1,12±0,02)E-17 (1,1±0,3)E-20 1E-19* 
400±1,2 nm (1,12±0,08)E-23 (6,4±0,2)E-19 1E-20* 
525±1,2 nm (2,16±0,04)E-21 (2,0±0,1)E-19 (1,5±0,2)E-18 
Table 1. Absorption cross-sections in cm2 of the species of interest 
at each selected wavelength. ( )* are values estimated by interpolation 
due to insufficient data to perform an average. 
 
For all experiments, the optical path length L is 4,5 cm and 
the contributions of background radiation and spontaneous 
plasma emission were duly taken into account in the data 
processing, subtracting them from the acquired values of I and 
I0. 
 
2.3 Setup for OES experiments  
For OES setup (Fig.3), the plasma emission is collected 
through a quartz window positioned at the bottom of source 
chamber (in front of the grounded mesh) by means of an 
optical fibre (Princeton Instruments, fiber optic bundle, 190-
1100 nm) and the same spectrometer used for OAS 
experiments. In order to achieve highly resolved spectra, the 
inlet slit width is set to 7,5 µm. An Intensified CCD camera 
(iCCD – Princeton Instruments PIMAX 3) is chosen as a 
detector. 
 
Figure 3. Schematic of the experimental setup for OES 
experiments. 
 
Emission spectra related to the second positive system 
N2(C3Πu→B3Πg) in the range 300-450 nm were acquired to 
determine the vibrational temperature (Tvib) of the N2 
molecule. Moreover, in order to evaluate the dissociation of 
N2 molecules into free N atoms, emission spectra in the 
wavelength range 740-743,5 nm were collected centred at 742 
nm where N atoms present a strong intensity of emission line 
[29]. 
2.3 Data processing for OES experiments  
An estimation of the Tvib of N2 molecules was obtained by 
means of the application of the Boltzmann plot method by 
processing the emission spectra [29]. Under the hypothesis of 
local thermal equilibrium (LTE), the population n(ν’) of those 
molecules that are vibrational excited up to a v’ level, can be 
described by a Boltzmann’s distribution as: 
(8)    𝑛(𝑣′) = 𝑛0𝑒
−
𝐸(𝑣′)
𝑘𝑇𝑣𝑖𝑏 
where n0 is the global molecular concentration, k is the 
Boltzmann constant and E(ν’) is the vibrational energy of a 
vibrational state ν’. The ri-elaboration of the above-mentioned 
formula results in the following equation for a transition 
between the upper (‘) and the lower (”) states: 
(9)    𝑙𝑛 (
𝐼(𝑣′𝑣′′)
𝑣(𝑣′𝑣′′)𝐴(𝑣′𝑣′′)
) = 𝑙𝑛(ℎ𝑐𝑛0) −
𝐸(𝑣′)
𝑘𝑇𝑣𝑖𝑏
 
where I(ν’ν’’) and E(ν’) can be expressed as: 
(10)   𝐼(𝑣′𝑣′′) = ℎ𝜐 𝑣(𝜈′𝜈′′) 𝐴(𝜈′𝜈′′) 𝑛(𝜈′) 
Journal XX (XXXX) XXXXXX Author et al  
 5  
 
(11)    𝐸(𝑣′) = 𝑤𝑒 (𝑣
′ +
1
2
) − 𝑤𝑒𝑥𝑒 (𝑣
′ +
1
2
)
2
+ 𝑤𝑒𝑦𝑒 (𝑣
′ +
1
2
)
3
+ ⋯ 
where ν’, ν” refer to the energy values of the upper (‘) and the 
lower (”) vibrational levels, v(ν’ν”) is the wave number of the 
associated emission, A(ν’ν”) is the related Einstein’s 
transition probability, and we, wexe and weye are vibrational 
constants.  
Eq. 9 is used to create a Boltzmann plot in which the term 
ln[I(ν’ν”)/v(ν’ν”)A(ν’ν”)] is linearly proportional to E(ν’) 
with -1/kTvib as proportional coefficient. Through the use of 
Boltzmann’s plot method, the Tvib is directly calculated from 
the slope of the line obtained by approximating the 
experimental data distribution with a first order polynomious.  
Since the vibrational energy of N2 is known to play a key role 
in the formation of NO molecules in the reaction pathways not 
involving the Zeldovich mechanism, the intensity of the peaks 
for the second positive system N2(C3Πu→B3Πg) are 
investigated to determine Tvib of N2. The vibrational 
parameters of the system N2(C3Πu→B3Πg) are reported in 
Tab.2 [30,31]. 
 We [cm
-1] wexe [cm
-1] weye [cm
-1] 
N2:C
3Πu 2047,18 28,45 2,0883 
N2:B
3Πg 1733,39 14,12 -0,0569 
Sequence 
Δv=v’-v’’ 
Vibrational 
transition 
v’-v’’ 
Wavelength 
λ [nm] 
Transition 
probability 
Av’v’’·E6[s
-1] 
Ev [eV] 
+1 
1-0 315,8 10,27 0,3721 
2-1 131,5 8,84 0,6139 
3-2 311,5 5,48 0,8526 
-1 
0-1 357,6 7,33 0,1255 
1-2 353,6 4,61 0,3721 
2-3 349,9 1,46 0,6139 
-2 
0-2 394,2 2,94 0,1255 
1-3 399,7 4,10 0,3721 
2-4 405,8 3,37 0,6139 
Table 2. Vibrational parameters and allowed transitions of 
N2(C3Πu→B3Πg) for the determination of Tvib [30,31]. 
 
 
 
 
3. Results 
3.1 Electrical characterization 
The SPD was measured at input voltages in the range 4 kV-11 
kV with 1 kV increments, with constant frequency (10 kHz) 
and duty cycle (100%). The results, as shown in Fig. 4, are 
described by a fitting quadratic polynomial (adj. R-square = 
0.99955). The fitting relation between the applied voltage (in 
[kV]) and the SPD (in [W/cm2]) is found to be: 
(1)    𝑆𝑃𝐷 = 0,48 − 0,24𝑉 + 0,0336𝑉2 
This quadratic behaviour is in agreement with Dong et al. [32], 
who proposed a relation of the form: 
(2)    𝑆𝑃𝐷 = 𝐴𝑓(𝑉 − 𝑉0)
2 
where A is a proportional constant, f is the applied frequency 
and V0 is a parameter approximately equal to the voltage 
breakdown. 
 
 
Figure 4.  SPD as a function of the applied voltage (duty cycle 100%, 
frequency 10 kHz). 
The SPD was also measured for the case with operating 
conditions of V=8kV, f=10kHz and DC=18%, (0,12 W/cm2 – 
case A), as well as for the case with V=5kV, f=10 kHz,  DC 
100%  (SPD=0,11 W/cm2 – case B). These two operating 
points (A and B) were used to further investigate the role of 
SPD on ozone kinetics. 
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3.2 O3 kinetics 
The kinetics of ozone for the investigated SPDs are shown in 
Fig. 5. At low SPDs (SPD ≤ 0,11 W/cm2), the ozone kinetics 
show a continuous increase in time of O3 concentration: higher 
is the SPD, higher is the ozone concentration reached; in 
particular, the highest ozone concentration (around 3500 ppm) 
is achieved after 90 sec of discharge with the surface DBD 
working at 0,11 W/cm2. For values of SPD above 0,11 W/cm2, 
the behaviour of ozone kinetics changes: ozone concentration 
reaches a maximum and then decrease, revealing the ozone 
quenching phenomenon. The higher the SPD, the faster the 
ozone quenching: as an example, at 0,43 W/cm2 the ozone is 
completely quenched after 90 sec, while ozone concentration 
becomes undetectable within 30 sec of discharge time for SPD 
> 0,70 W/cm2. It must be noted that the ozone production rate 
(profile slope) in the first seconds of the discharge is 
proportional to the SPD level for all investigated cases, as 
shown in Fig. 6, where the O3 profiles of Fig. 5 are zoomed in 
the first 10 sec. 
Figure 5. Kinetics of O3 concentration produced during 90 sec of 
discharge using different SPDs (0,01 – 1,87 W/cm2).  
 
Figure 6. Kinetics of O3 concentration produced in the first 10 sec 
of discharge using different SPDs (0,01 – 1,87 W/cm2).  
As shown in Fig.7, almost identical kinetic profiles are 
obtained for conditions A and B, characterized by similar 
SPD. 
 
Figure 7. Kinetics of O3 concentration produced during 90 sec of 
discharge by surface DBD operating at different input conditions (A: 
V=8kV, f=10kHz, DC=18%; B: V=5kV, f=10kHz,  DC=100%) with 
similar SPD (SPD=0,11-0,12 W/cm2). 
3.3 NO3 kinetics 
The kinetics of NO3 depending on the SPD in the range 
between 0,01 – 1,89 W/cm2, is shown in Fig. 8. The results 
underline that the temporal profiles of NO3 concentration are 
qualitatevely similar to the ozone’s ones: the concentration of 
NO3 steadily increases during the discharge for SPDs lower 
than 0,11 W/cm2 reaching higher values of concentration for 
higher values of SPD. The maximum value of NO3 
concentration achieved is around 3500 ppm with the surface 
DBD operating at 0,11-0,22 W/cm2. For values of SPD > 0,22 
W/cm2, after reaching a maximum value of concentration, the 
NO3 concentration decreases in time. As for the ozone studies, 
with SPD > 0,7 W/cm2 the concentration of NO3 is 
undetectable 30 sec after the discharge ignition. The NO3 
production rate (profile slope) in the first seconds of the 
discharge time appears, as shown in Fig. 9 (NO3 kinetics 
profiles zoomed in the first 10 sec of discharge time), to be 
always proportional to the SPD. 
Figure 8. Kinetics of NO3 concentration produced during 90 sec of 
discharge time using different SPDs (0,01 – 1,87 W/cm2). 
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Figure 9. Kinetics of NO3 concentration produced in the first 1,5 sec 
(10 sec) of discharge time using different SPDs (0,01 – 1,87 W/cm2). 
3.4 NO2 kinetics 
The measured NO2 kinetics for different SPDs (0,01 - 1,87 
W/cm2) are presented in Fig. 10, considering up to 90 sec of 
discharge time. Unlike what seen for O3 and NO3 
concentrations, NO2 molecules are detectable only working 
with SPDs higher than 0,22 W/cm2, corresponding to the 
overcoming of the threshold for O3 quenching. While within 
the first 30 sec, the NO2 production rate is proportional to the 
SPD, after 30 sec of discharge time a reduction in the NO2 
formation rate is observed as a consequence of an increase in 
SPD. The highest concentration of NO2, around 1400 ppm, is 
obtained after 90 sec of discharge, working at a SPD level of 
0,7 W/cm2. 
Figure 10. Kinetics of NO2 density produced during 90 sec of 
discharge time using different SPDs (0,01 – 1,87 W/cm2). 
3.5 Measurements of vibrational temperature of N2 
The values of Tvib of N2, measured by means of OES 
technique and plotted in Fig. 11 as a function of SPD, reveal 
an increasing monotonous behavior of  Tvib as a function of 
the SPD. Vibrational temperature higher than 5000 K are 
found to be associatied to SPDs for which the ozone 
quenching is experimentally observed, as previously 
described. 
On the right side of Fig. 11, the emission spectrum of N 
atoms for each investigated condition is reported. The N 
emission is not-observable for SPDs lower than 0,11 W/cm2, 
and the line intensity is directly proportional to the SPD level. 
 
 
Figure 11. Values of Tvib of N2 (upper) and the emission spectra 
related to N-line at 742 nm (bottom) measured for different SPDs by 
means of OES technique. Frequency: 10 kHz, Duty Cycle: 100%.  
3. Discussion 
Differently from oxygen-fed ozonisers, in air plasmas the 
production-destruction cycle of ozone is affected by the 
presence of nitrogen molecules. Several gas-phase reactions 
between charged, excited and neutral species take place 
simultaneously in the plasma and afterglow regions involving 
different RONS such as ozone (O3), nitrogen oxides (NxOy) 
and nitroxyl/nitrous/nitric acids (HNO, HNO2, HNO3). The 
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main reaction pathways (production and depletions reactions) 
involving O3, NO3 and NO2 are reported in Tab.3, where 
reactions are divided into two different groups: neutral 
reactions in dry air, between radicals and highly-reactive 
neutral species taking place mainly in the plasma region and 
in its afterglow; neutral reactions in humid air, involving 
reaction with water-based molecules like OH, H2O, and 
HNOx.  
Neutral reactions in dry air Neutral reactions in humid  air   
Water based 
R1. O+O2→O3 (10-21) R15. OH+HNO3→NO3+H2O (10-21) 
R2. O3+e→O+O2- (10-15) R16. NO3+HO2→HNO3 (10-18) 
R3. O3+O→2O2 (10-20) R17. NO3+OH→NO2+HO2 (10-17) 
R4. O3+N→NO+O2 (10-21) R18. OH+HNO2→NO2+H2O (10-18) 
R5. O3+NO→NO2+O2 (10-20) R19. HNO+O2→NO2+OH (10-21) 
R6. O3+NO2→NO3+O2 (10-23) R20. O+HNO2→NO2+OH (10-21) 
R7. NO2+O→NO3 (10-18) R21. HNO2+HNO3→2NO2+H2O (10-23) 
R8. NO3+NO→2NO2 (10-17) R22. 2HNO2→NO2+NO+H2O (10-26) 
R9. NO3+NO2→N2O5 (10-17) R23. NO2+H→OH+NO (10-16) 
R10. 2NO3 → 2NO2+O2 (10-22) R24. NO2+OH→HNO3 (10-18) 
R11. NO3+O→NO2+O2 (10-17)  
R12. N2O4→2NO2 (10-20)  
R13. O+NO→NO2 (10-18)  
R14. NO2+O→NO+O2 (10-21)  
Table 3. Main reaction pathways involving O3, NO3, NO2, separated 
in: i) neutral rections in dry air, ii) neutral reactions in humid  air with 
water based molecules. In braketes their respective reaction rates. All 
data are taken from [7]. 
As shown in Fig. 6, in the first few seconds of the discharge 
time an increase of SPD always leads to an increase of the 
ozone production rate, due to the production rate of the O atom 
being directly proportional to the SPD [10]. When a SPD > 
0,22 W/cm2 is associated with the surface DBD working in air, 
during the discharge the phenomenon of the ozone quenching 
is observed. Several studies on air ozonisers [10,11,13] and on 
air micro-discharges [25] suggest that this phenomenon is 
caused by an increase of the amount of nitrogen oxides. As a 
matter of fact, in the case of air plasma, when the 
concentration of NOx (NO and NO2) exceeds the threshold 
value around 0,03%, the main contribution in the destruction 
of ozone is given by NOx molecules forming the reaction chain 
represented by R5 and R6, which directly consume ozone and 
by R7, R11, R13, R14 and R20, which reduce the O atoms 
concentration [25]. 
Fig.12 shows O3 and NO2 kinetics for low (0,11 W/cm2) 
and high (1,42 W/cm2) levels of SPD: for SPD = 0,11 W/cm2 
ozone concentration steadly increases while NO2 remains 
undetactable; on the other hand, at SPD = 1,42 W/cm2, NO2 
firstly reacts with O3 and O following the reactions R6, R7 and 
R14 and then, when the O3 concentration drops, NOx may be 
stored and accumulated, resulting in a fast increase of its 
concentration during the ozone quenching. As well noticiable 
comparing Fig. 6 and Fig. 10, the higher SPD, the faster 
discharge poisoning effect resulting in the NO2 concentration 
build-up. For SPD > 1,4 W/cm2, after 30 seconds the NO2 
concentration tends to reach a steady-state value, as a result of 
the equilibrium among NO2 formation-depletion reactions. 
Since the experiments were performed at ambient air with a 
relative humidity in the order of 20-40%, the NO2 equilibrium 
may be described by also considering the formation-depletion 
reactions (R17-R24) based on HNOx and OH, that can be 
considered as water-based molecules. Differently, for the 
SPDs characterizing a transition regime from O3- to NOx-
dominated atmosphere (0,22 W/cm2 < SPD < 1,4 W/cm2), the 
NO2 concentration increases continuously during the 
discharge due to the slower quenching of ozone. 
 
 
Figure 12. Comparison of kinetics profiles of O3 and NO2 
densities for low (upper) and high (bottom) SPD. 
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The NO3 molecule can be considered as the final step of the 
ozone depletion pathway, formed by reactions R4, R5 and R6, 
where reaction R17 can be neglected in a humid atmosphere 
[11]. As described in Fig. 13, at low SPDs (SPD < 
0,11W/cm2), ozone is partially consumed by the above 
mentioned pathway, resulting in the increase of NO3 
concentration and partially accumulated. Differently, for the 
SPDs for which discharge poisoning occurs (SPD > 0,22 
W/cm2), the quenching of ozone leads to the decay of NO3 
concentration: reaction R6, due to the reduction of the 
concentration of the reactant O3, results into a reduction of 
NO3 concentration (Fig.8)  and into an increase of NO2 
concentration (Fig. 10), as experimentally measured.  
 
Figure 13. Kinetics of O3, NO2 and NO3 densities for SPD = 0,05 
W/cm2. 
 
The discharge poisoning effect can be considered a 
threshold phenomenon, associated to a fast increase of 
concentration of the ozone-quencher NO molecule [8,25] that 
can rapidly react with ozone to form NO2 through reaction R5. 
In Tab. 4 the main mechanisms for the production of NO 
molecules are reported. The process for direct NO synthesis, 
expressed by reaction R25, is limited by the energy required  
for the breaking of the strong bond (10 eV) in the N2 molecule. 
At high temperature, the total NO synthesis (R25) is obtained 
through the Zeldovich mechanism that is characterized by the 
radical reactions R26 and R27. On the other hand, at low 
temperatures in non-equilibrium discharges, other reactions 
based on the vibrationally excited population of N2, generally 
defined as N2(v), can support the synthesis of NO. In this 
frame, reaction R29, taking place in air non-equilibrium 
plasmas, shows an alternative and more efficient mechanism 
for direct N2 dissociation based on a stepwise electronic 
excitation sequence, resulting in an additional production of N 
atoms for the NO synthesis (R27). In air non-equilibrium 
discharges, the electron impacts to the neutral molecules 
promote the formation of highly vibrationally excited N2 
molecules in air through vibrational-vibrational (VV) 
exchanges. The reactions R26 and R28, characterized by 
vibrational excited N2 molecules, form free N atoms, reactants 
for the fast reaction R27, producing an extra amount of NO 
molecules. Moreover, with respect to the NO thermal-
synthesis, in which the energy is distributed over all degrees 
of freedom, including those not-effective in the NO synthesis, 
in air non-equilibrium discharges most of energy is transferred 
from electrons to vibrational excitation of N2 molecules [25] 
and thus the reactions R26, R28 and R29 resulted enhanced. 
Mechanisms involved in the NO synthesis 
Zeldovich mechanism Non-equilibrium plasma 
R25. 
N2+O2→2NO 
R25. 
 N2+O2→2NO 
R26. 
 (3P)+N2(
1Σg
+,v)→NO(2Π)+N(4S) 
R26. 
 O(3P)+N2(
1Σg
+,v)→NO(2Π)+N(4S) 
R27. 
 N+O2→NO+O 
R27. 
 N+O2→NO+O 
 
R28. 
O(1D)+ N2(
1Σg
+,v)→NO(2Π)+N(4D) 
 
 
R29. 
e-+ N2(
1Σg
+,v)→ 
N2(a
1Πg, B
3Πg, b
1Πu)+e→2N+e 
Table 4. Mechanisms of NO synthesis provided in non-thermal 
plasma by excitation of neutral molecules [25]. 
As reported by Fridman (Fig. 14, taken from [25]), the 
energy efficiency of NO production in air non-equilibrium 
plasma is greatly enhanced, with respect to the thermal NO-
synthesis for values of the N2 vibrational energy in the range 
0,25-1 eV; this is because, in order to exploit the chemistry 
related to the N2(v), the vibrational temperature (Tvib) of N2 
should be high enough to avoid the vibrational-translational 
(VT) relaxation [25]. 
 
Figure 14. Energy efficiency of NO synthesis in air plasma as a 
function of energy input: (1) non-equilibrium process stimulated by 
vibrational excitation; (2,3) thermal synthesis with (2) ideal and (3) 
absolute quenching (from [25]).  
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Our measurements of nitrogen Tvib highlight a monotonic 
relation between Tvib and the source SPD (Fig. 11), with Tvib 
reaching values over 5000 K for SPD > 0,22 W/cm2. This is 
the minimum SPD at which we observed the phenomenon of 
ozone quenching, supporting the idea that, after overcoming a 
critical value of Tvib of N2, a stable production of NO 
molecules is established that provokes the discharge 
poisoning. These considerations may lead to a better 
understanding of the characteristic timing of O3 quenching 
during a discharge: the higher is the source SPD, the higher is 
the Tvib of N2 and the faster its stabilization, resulting in a 
faster ozone quenching. Furthermore, an indirect proof of the 
effective NO production at low temperature is given by the 
experimentally observed emission on N-line at 742 nm (Fig. 
11, at SPDs higher than 0,11W/cm2), a direct evidence of the 
production of free N atoms, stimulated by the N2 vibrational 
excitation (R26, R28, R29).  
Our experimental evidences are in good agreement with the 
modelling results presented by Shimizu et al. [8], who 
developed a simple model (the chemical reactions involved 
are reported in Tab.5), based on the idea that N2(v) plays a key 
role in the quenching of O3. The model in [8] shows, for 
example,  that for SPD = 0,3 W/cm2  ozone is mainly quenched 
by NO generated by N2(v) and O atoms, and that the poisoning 
effect starts once the Tvib of N2 becomes steady around 4700 
K; that perfectly tune with  the experimental results of O3 
kinetics they obtained.  
Shimizu’s model reactions 
R52.     O+O2+M→O3+M (10-46) 
R53.     N2(v)+O →NO+N (10-17) 
R54.     O3+NO→NO2+O2 (10-20) 
R55.     O+NO+M→NO2+M (10-43) 
Table 5. List of reactions used in Shimizu’s model with relative 
order of magnitude of the rate constant in brackets ( ) [8]. 
 
The control of a plasma process based on the afterglow 
chemistry can be operated by considering the discharge time 
and the SPD, two key parameters affecting directly the 
kinetics of long-lived neutral species. A concentration of 
ozone around 2000 ppm can be achieved operating either at 
0,02 W/cm2 for 90 seconds or at 0,41 W/cm2 for only 20 
seconds; on the other hand, considering the energy 
consumption, the first plasma treatment, that consumes around 
12,5 J, results to be cheaper than the short treatment at high 
SPD, corresponding to a consumption of 55,4 J. These 
considerations can become interesting for evaluating the 
sustainability of  plasma applications in the field of water 
treatments [2,33,34] or NOx removal processes [25]. 
Differently, in order to quench completely the ozone and 
achieve a NOx-enriched atmosphere, greatly demanded for 
chemical technologies of fertilizers and nitrogen-based acids 
[25], short treatment at high SPD (energy consumption is 
around 101,3 J) is more convenient than a long plasma 
treatment at a SPD close to the threshold values for discharge 
poisoning, that consumes around 249,5 J for a complete ozone 
depletion. 
The experimental activity presented in this work is in the 
line of thought of using the OAS technique as an on-line 
monitoring system for the control of a plasma activated 
atmosphere. The possibility to monitor in real-time the 
kinetics of the some relevant reactive species can pave the way 
for the development of a retroactive system based on OAS 
diagnostic to be implemented in plasma-assited industrial  
processes. Moreover, the characterization of gas phase by 
means of spectroscopy techniques can gain a deeper 
understating of the CAP-effects in biological and industrial 
applications, such as in the material treatments for microbial 
inactivation or surface activation, as a first step in correlating 
the chemistry in gas phase with the one induced in the process 
target. 
4. Conclusions 
Optical absorption and emission spectroscopies were 
adopted in this experimental activity in order to investigate the 
ozone poisoning effect. Surface DBD can activate air 
promoting an ozone- or NOx-enriched atmosphere operating 
at low or high SPDs respectively. The experimental results 
proved that the ozone poisoning effect behaves as a threshold 
phenomenon and it is observable for SPDs higher than 0,11 
W/cm2. Moreover, the kinetics analysis highlighted the 
temporal evolution of poisoning and how the chemical 
composition of the atmosphere changes in time. The 
measurements of vibrational temperature of nitrogen 
molecules supported the explanation of the ozone quenching 
stimulated by non-equilibrium vibrational excitation of N2:  
once a threshold value of vibrational energy (~ 5000 K) is 
overcome, NO synthesis becomes possible at low temperature 
and NO production rate increases significantly, resulting in the 
ignition of a strong ozone quenching. 
Kinetics study provided also important considerations 
about the energy costs for the production of active atmosphere 
with a specific chemical composition. Finally, the activity 
supported the idea to adopt and develop OAS diagnostic as on-
line monitoring system for the control of plasma-assisted 
processes and optimization of plasma treatment for 
biomedical applications. 
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